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We study those dimension 6 effective operators which generate flavor-changing quark-gluon tran- 
sitions of the third generation quarks, with t — > g + u(c) and b — > g + d(s), and which could be 
of interest for LHC experiments. We analyze the contribution of these operators to B, 



"(d) 



B, 



id) 



mixing and derive limits on the corresponding effective couplings from the existing experimental 
data. The Standard Model gauge invariance relates these couplings to the couplings controlling 
t — > g + u(c). On this basis we derive upper limits for the branching ratios of these processes. We 
further show that forthcoming LHC experiments might be able to probe the studied operators and 
the physics beyond the Standard Model related to them. 
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The top quark is the least studied of the known quarks. 
Being the heaviest it may offer new ways of probing 
physics beyond the Standard Model (SM). The flavor- 
changing quark-gluon interactions leading to the decays 
t — > g + u(c) and b — > g + d(s) are examples for processes 
which are extremely suppressed in the SM, and there- 
fore experimental observation of these decays would be a 
smoking gun for new physics. In the following we study 
these interactions within an effective Lagrangian ap- 
proach. The most general effective operators of the low- 
est dimension 6 representing these interactions are [l|, l2| : 

0% = iq iL \ A rD»q jL G%= (1) 

= i (u lL \ A ^D»u jL + d lL \ A ^D»d jL ) G A V , 
°%4, = ViLX A a uv d jR <f>G A v -> vd iL \ A (T^d jR G A „, (2) 

0% = iu iR \ A y»D v u jR G A 1/ , (3) 

uG<p = QiL^a-^UjR^G^-i-vuiLX^uUjRG^. (4) 

Here G A and <f> are the gluon and Higgs fields, respec- 
tively; (p 1 — 4>it lJ , where e lJ is the antisymmetric tensor; 
qiL and di R are the notations for the left-handed dou- 
blet and the right-handed down quark of the i-th gen- 
eration. The form of the operators to the right of the 
arrows is taken after spontaneous symmetry breaking. 



For the vacuum expectation of the Higgs field <f> we use 
v = (cf>) = 174 GeV [U. The operator (P) is the only 
one contributing both in the up and down quark sec- 
tors. It generates interactions in both sectors with the 
same coupling, as required by gauge invariance. Thus 
bounds on the flavor violating coupling of the 6-quark 
from low-energy B-meson phenomenology would lead to 
the same constraints on the corresponding couplings of 
the top quark. The latter contributes to the t — >■ g + u(c) 
transition, which could be of interest for LHC experi- 
ments. The operators ([3]) and (|4|) also contribute to these 
decays. However the low-energy constraints on their cou- 
plings could be deduced only at the loop-level Q. The 
second operator (|5|), despite that it is not related to the 
top decays, could also be interesting from the viewpoint 
of B — > X s g transitions at i3-factories [J]. 

In the present paper we derive constraints on the op- 
erators ((T|) and © from the experimental data on the 
B s (d) — -S s (d) mass differences |^|-Q: 

Am Bd = 0.507 ± 0.005 ps" 1 , 

17 ps" 1 < Am B „ < 21 ps" 1 , (5) 

Am Bs = 17.77to.iu ± °- 07 P s_1 • 

These data had a strong impact on the phenomenology 
for physics beyond the SM (for a review see e.g. Refs. [8J]- 
[irj| and references therein). 
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The -B s (d) — -B s (d) meson mass difference is related to 
the matrix element of an effective Hamiltonian involving 



the b — > b transition [HI : 



Am« = 2\(B„\H cB \B q 



(0) 



The operators |T]) and ((2J are constrained by these data 
since they contribute to Ti e s- This contribution appears 
in second order of perturbation theory of the interaction 
Lagrangian 
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with dimensionless couplings otij , /3jj and the new physics 
scale A. The corresponding diagrams are shown in Fig. 1. 
Similar contributions to K — K , D — D and B — B mix- 
ing were analyzed in the literature in relation to the SM 
dipenguin operators [13, [l4j. However, to the best of 
our knowledge this analysis has not yet been extended 
beyond the SM. Our approach is similar to Ref. (14J . 
It is also based on the direct analysis of the diagrams 
similar to Fig. 1 implying the perturbative QCD regime. 
This is justified by the fact that the scale of the mo- 
mentum transfer through the gluon is set by the heavy 
quark mass Q 2 ~ — m 2 , which is large in comparison with 
Aqcd ~ 200 MeV. 
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FIG. 1: Gluon-exchange diagrams contributing to the mixing 
of neutral B mesons. 

With the Lagrangian we obtain (see Appendix) the 
following Hamiltonian terms 



Ucft — "H cff + H eS , 

rt cff 

l/( 2 ) „ r 21 n bd , 22 n bd 

n eS ~ c 31^21 + c 31^22 

i r 23 6d , 21 n bs 



(8) 
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The effective couplings in Eq. (|SJ) are expressed in terms 
of parameters of the underlying Lagrangian ([7]): 
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The operators Q-? can be expressed in terms of operators 



of the so-called supersymmetric (SUSY) basis |15|-|li 
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6\ q 



O b 2 q = (b a R q a L )(b b R q b L ), 
0\ q = {b a Rq l){b R ql), 
Ol 9 = (b R ql)(b b Lq b R ), 

O b 5 q = (b R q b L )(b b L q a A ), 



(b a R l> x q a R )(b R l„q R ) , 
(blq R )(b b L q b R ), 

(blq R )(b b L q R ), 

(10) 
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(11) 



where q = d or s; a and 6 are color indices. The operators 
Oy in Eq. (fTU]) are obtained from O q by exchanging 

For the calculation of the matrix elements of the effec- 
tive Hamiltonian TL c s we use the relations [13- UM: 
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(B q \0° 1 «fa)\B q } = ~m B J Bq Bl( f i), 

bq 1 



B q ) = {B q \0?{n)\B q 



= —^tB q ((J,)m B jl q B%(ij,). 
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where m B and f B are the mass and decay constant 
of the B q meson. The Bi(fi) are the so-called "bag"- 
parameters, which take into account the mismatch be- 
tween the vacuum saturation approximation (VSA) and 
the actual value for each of the matrix elements (see de- 
tailed discussion in Refs. |15 | ]-fl8 | '). All O q and O q oper- 
ators are renormalized at the same scale /i = m,b- Because 
of parity conservation in strong interactions the matrix 
elements of the operators O q and O q coincide with each 
other [I3|. 

In the numerical calculations we use the following 
set of input parameters: a renormalization scale pa- 
rameter (i = 77ii, = 4.6 GeV, quark masses rridfa) = 
5.4 MeV, m a fa) = 150 MeV, m b fa) = 4.6 GeV, B- 
meson masses and decay constants Tn Bd = 5.279 GeV, 



m Bs = 5.3675 GeV, f Bd = 189 MeV, f B , = 230 MeV. 
For the "bag" -parameters Bj(/x) we use the values com- 
puted in lattice QCD, with Wilson fermions and with the 
nonperturbative regularization independent momentum 
subtraction (RI/MOM) renormalization scheme (18J : 



0.87, B{{ji) 
0.82, £? 2 s (/x) 



b|(m) 

B*(/j) = 1.02, B|(p) = 

5^) = 1.16, £?» = 

B 5 d ( M ) = 1.91, i? 5 s (/z) 



0.86, 
0.83, 
1.03, 
1.17, 
= 1.94. 



(13) 



Now we calculate the contribution of the effective 
Hamiltonian H e s of Eq. flSJ) to the mass difference. The 
result is 
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where we introduced the following notations for the com- 
binations of "bag" -parameters: 



B q 12 M = 

B q M = &M 



•Miu^+^u^lmiti+ypM 
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the coupling constants ay and 
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<3.6x 10"'GcV 



< 1.7 x 10~ 6 GeV~ 2 . 
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<5.6x 10 _7 GeV~ 2 , 



<2.8x 10~ 6 GeV~ 2 . 



The operator of Eq. (Jl} contains both b and t quark terms 
with the same couplings to the gluon field, as dictated by 
the SM gauge invariance. Therefore, we can apply the 
above limits to the derivation of the decay rate involving 
the top quark flavor-changing neutral current (FCNC). 
The corresponding formula for the decay rate is: 



T(t -)• mg) 



rn\ |a 3i + a* 3 | 2 



12tt 



A 4 



(19) 



Using the limits of Eq. flTBl we get for the branching 
ratios 



T(t -> ug) 



3 T(t -»■ eg) ^ ., r [(i .., 

r t ' r t 



< 1.6 x 10~ 3 , 



< 3.6 x 10~ 2 ,(20) 



where T t is the top quark total decay width which can 
be approximated by the dominant mode [20J : 

T t ^T(t^bW) = lA2\V tb \ 2 . (21) 

These limits are to be compared to the existing CDF |2l| 
limit derived in 221: 



IX* -» eg) 



r, 



< 0.45. 



(22) 



For the LHC experiments preliminary estimations gi- 
ve 23, 241: 



T(t -»■ ug) 



<0.1, 



(23) 



^From Eqs. (| 14[) and (|15p we derive the following upper 
limits for the parameters of the Lagrangian ([7]) : 
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Using data (0 we finally deduce the following bounds on 



which corresponds to a 10% precision measurement of 
r t . As can be seen, this is not too far away from the 
limits of Eqs. (|20[) . and with an improved precision on 
T t these FCNC transitions could be probed by the LHC 
experiments. 

Note that above bounds (|2"D|) are obtained with an 
ad hoc assumption about the vanishing contribution of 
the operators ([3]) and (0| to the decay rate (fTTj)) . As 
we mentioned in the introduction they arc not con- 
strained by low-energy processes at tree-level. There- 
fore, taking them into account may significantly relax 
the constraints (|20|) essentially improving the prospects 
for searches involving the t — > ug transition. 

In conclusion, we analyzed a subset of effective dim=6 
operators describing flavor-changing interactions of the 
3rd generation quarks with gluons, representing one of 



the manifestations of physics beyond the SM. We derived Agency contract No. 02. 740. 11. 0238. 



their contribution to the B 



s(d) 



B 



s(d) 



mass difference 



and extracted upper limits on the parameters of these 
operators from the experimental data. With these limits 
we evaluated constraints on the branching ratios of the 
top quark decays t —)■ g + w(c), and found that the LHC 
experiments have good prospects to probe the studied 
operators and the new physics related to them. 
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Appendix A: Derivation of the second-order 
effective Hamiltionian "H c ff 

With the effective operators ([TJ and ((2|) we can gen- 
erate at second-order of perturbation theory matrix ele- 
ments describing the s- and u-channel quark transition 
qb — > bq (see diagrams in Fig.l) 
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M (D = M m + M w ; M (2) = M (2) + M (2) i (A1) 

where the first and the second matrix elements corre- 
spond to the O q G and OdG4> operators respectively. Here 
the subscripts s and u denote the s- and u-channel contri- 
butions. Below we show the results for the s-channel con- 



rd) 
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tributions M s and M s [the crossing w-channel results 
are obtained via the replacement qi <-> —Qf, u q (qi) o 
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M« = - j^- s U b (p f )X A ^P L v q (q f )v b (p. l )X A l a PLU q (q t ) , 

r ]La = 4 (a 3 i<7/ - a* 3 p" f )(a 3l q^ - a* 3 pl )(g„pPv,p a + g^aPvPfl ~ QvaV^Vfi ~ g^PuPa) 
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V ^Tf v .^u b {p f )\ A a^P L v q {q f )v b {p l )\ A a^P L u q {q l )^ 
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Here P L = (l-T&)/2, Pr = (l+7 5 )/2; Pi(p f ) and qi {q f ) 
are the momenta of the bottom and the light quark in 
the initial (final) state, respectively; p is the intermediate 
gluon momentum. 



For the derivation of the effective operators contribut- 
ing to the B s / d \ — B s i d \ mass difference we consider static 
limit for the b quarks (their 3-momenta are equal to 
zero pi = Pf = 0), which is well justified in the heavy 
quark limit m b — > oo. The momenta of quarks read 
as: pi = (mb, 0*) , p f = (m 6 ,0), q t = (Ei, qi ), and 
qf = (Ei,qf) , where the energies and 3-momenta of the 
light quarks are of order of the constituent quark mass 



and are counted as 0(1) in the heavy quark mass expan- 
sion. Then for the Mandelstam variables we get: 



s= (pt + it) 2 = (pf + q/) 2 
t = ipi -Pf) 2 = (% -qf) 2 



2m b E q 



0, 



(pi - qf) 2 = (pf - qi) 2 = m t + m2 q - 2m b E qi , 



s + t + u = 2(m b + m 2 q ) . 



(A4) 



Note that the it-variable on general kinematical grounds 
can vanish at E q = (m b +m q )/2m b , leading to the pole in 
the it-channel diagram and introducing an uncontrollable 
long-distance contribution. However, it is well known 



that the heavy quark carries nearly the whole part of the 
heavy-light meson momentum, so that the meson distri- 
bution amplitude, depending on the heavy quark momen- 
tum fraction x, is strongly peaked at X ~ 1 l4\. The light 
quark momentum depends on the confinement potential 
and its typical average values lie around 0.5 — 0.6 GeV 
or are even smaller [25j. Therefore, the relative contri- 
bution of the kinematical configuration leading to the 
w-pole is strongly suppressed and in a reasonable approx- 
imation we may neglect in Eqs. (|A4|) both the light quark 
mass m q and its energy E q . A more accurate approach, 
based on pQCD, using model distribution amplitudes, 
was applied in Ref. [14J for the evaluation of the Standard 
Model dipenguin diagrams similar to those analyzed in 
the present paper. For our rough estimations we simply 
take: s ~ u ~ m^. 

Next, we simplify the matrix elements (IA2[) and (IA3[) 
using the equations of motion for quark u and antiquark 
v spinors, applying the heavy quark limit m q /mb <C 1 
and using the Fierz identities for the spinor and color 
matrices: 



■^f)** (7/Jp/j - ofr^W (7|iTis)flS , (A". ) 
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(i^Pr/l)^ (7u,Pr/l)p* = -{l^P R /L) a * (1pPr/l)pP 
(V-Pji/iW {i„,Pl/r) p <t =2(P L/i aCT {Pr/l) p p 
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With these identities we derive relations between the dif- 
ferent four-quark operators under investigation and ex- 
press them in terms of the SUSY basis: 
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blXtblR b c L Xi d q d R 
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Note that the contributions of the s- and u-channel dia- 
grams are equal to each other within the approximations 
used in our analysis. Finally, we derive the expressions 



(i) 



,12) 



for the effective Hamiltonians % g and % S J correspond- 
ing to the matrix elements AfW and M^ 2 \ The result is 
shown in Eqs. © - (TTTJ). 
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